Shoulder strain is a major limiting factor associated with load carriage. Despite advances in backpack designs, there are still reports of shoulder discomfort, loss of sensorimotor functions, and brachial plexus syndrome. The current study is aimed at characterizing mechanical loading conditions (strains and stresses) that develop within the shoulder's soft tissues when carrying a backpack. Open MRI scans were used for reconstructing a three-dimensional geometrical model of an unloaded shoulder and for measuring the soft tissue deformations caused by a 25-kg backpack; subsequently, a subject-specific finite element (FE) model for nonlinear, large-deformation stressstrain analyses was developed. Skin pressure distributions under the backpack strap were used as reference data and for verifying the numerical solutions. The parameters of the model were adjusted to fit the calculated tissue deformations to those obtained by MRI. The MRI scans revealed significant compression of the soft tissues of the shoulder, with substantial deformations in the area of the subclavian muscle and the brachial plexus. The maximal pressure values exerted by a 25-kg load were substantial and reached ϳ90 kPa. In the muscle surrounding the brachial plexus, the model predicted maximal compressive strain of 0.14 and maximal tensile strain of 0.13, which might be injurious for the underlying neural tissue. In conclusion, the FE model provided some insights regarding the potential mechanisms underlying brachial plexus injuries related to load carriage. The large tissue deformations and pressure hotspots that were observed are likely to result in tissue damage, which may hamper neural function if sustained for long time exposures. finite element model; mechanical stress; strain; brachial plexus; rucksack palsy; open magnetic resonance imaging SCHOOL-AGED PUPILS, SOLDIERS, and recreational backpackers are often required to carry heavy loads relative to their bodyweight. Loads carried by school pupils and backpackers may reach ϳ30% of their bodyweight (32, 33, 47) . During military operations, elite soldiers may often carry loads weighing ϳ75% of their bodyweight (22). Most of the previous research regarding load carriage has concentrated on physiological strains, and more specifically, on the cardiorespiratory response, energy expenditure (11, 12, 17, 24, 36, 38), and pain or deformities in the back or spine (21, 22, 47) . Studies that focused on children's load carriage have investigated its effect on back pain and lumbar spine deformities (32-34). Altogether, despite the advances in backpack design, the loads carried by these populations still impose substantial physiological strains, which frequently result in discomfort, pain, and musculoskeletal injuries (5, 22, 47) .
SCHOOL-AGED PUPILS, SOLDIERS, and recreational backpackers are often required to carry heavy loads relative to their bodyweight. Loads carried by school pupils and backpackers may reach ϳ30% of their bodyweight (32, 33, 47) . During military operations, elite soldiers may often carry loads weighing ϳ75% of their bodyweight (22) . Most of the previous research regarding load carriage has concentrated on physiological strains, and more specifically, on the cardiorespiratory response, energy expenditure (11, 12, 17, 24, 36, 38) , and pain or deformities in the back or spine (21, 22, 47) . Studies that focused on children's load carriage have investigated its effect on back pain and lumbar spine deformities (32) (33) (34) . Altogether, despite the advances in backpack design, the loads carried by these populations still impose substantial physiological strains, which frequently result in discomfort, pain, and musculoskeletal injuries (5, 22, 47) .
Based on subjective perception of discomfort or pain, as well as on skin pressure studies, the tolerance of the shoulder tissues to mechanical loads appears to be one of the major limiting factors of load carriage (3, 17) . Specifically, compared with other load-bearing sites, the shoulders were found to be more susceptible to skin and subcutaneous soft tissue damage when subjected to sustained loading, which could potentially result in skin irritation or pain (3, 17) . In addition, trapped nerves in the shoulder or reduced blood supply to the arm and hands, and are suspected to cause a sensory loss in the hands or failure to fully abduct the arm (3) .
A severe and long-term brachial plexus-associated injury is "rucksack palsy," which is characterized by paralysis, cramping, or pain in the shoulder girdle, elbow flexors, and wrist extensors (22) . These disorders are hypothesized to result from a traction injury of the C5 and C6 nerve roots, due to distortion of the brachial plexus, which is delivered by the straps of the backpack (22, 29, 48) . In minor cases, tissue compression in the shoulders results in entrapment of the long thoracic nerve; yet, the mechanism of formation of nerve lesions in such cases remains unclear (29) . The deficits are usually temporary but in some cases result in long-term squeal (2, 6, 8) .
The effects of sustained mechanical loading on soft tissue viability and function were studied mostly as related to pressure ulcers. In a classical 1953 article by Husain (19) , it was shown that pressures exceeding 14 kPa result in skin irritation, redness, and, for an exposure time of over 2 h, subcutaneous edema and inflammation of the dermis and underlying tissues. More recently, our group reported that pressures applied on rat skeletal muscle tissues, which show a lower tolerance to loading than skin, are injurious over 32 kPa if applied for less than 1 h, whereas for longer exposures, over 2 h, they will be injurious over 9 kPa (25) . Such tissue injury thresholds may be valuable in locating and characterizing potential anatomic sites in the shoulder that are susceptible to damage.
Advanced backpacks containing rigid frames and waist belts substantially reduce the loads applied on the shoulders (2), but there are still reports of numbness in the hands or fingers (3) or of rucksack palsy cases (7, 29) . It appears that basic research on this topic has not been performed yet, and in particular, mechanical deformations, strains, and stresses delivered to the brachial plexus during load carriage are unknown. Accordingly, in this study we aimed at characterizing the mechanical loading conditions (i.e., mechanical strains and stresses) that develop within the shoulder soft tissues by a backpack, with a particular focus on the mechanical loads delivered to the brachial plexus.
METHODS
In this study, we evaluated the mechanical strains and stresses in the soft tissues of the shoulder during static load carriage, given the use of MRI (which provides static tissue deformations), and as a first approach before progressing into dynamic studies. Three healthy male volunteers whose body characteristics are provided in Table 1 donned a standard, 90-liter backpack (loaded or unloaded), which was fitted by adjusting the straps to the upper body dimensions of each subject. The natural bending angle of the trunk when standing and carrying the backpack was measured using a goniometer ( Table 1) . The scanning and mapping procedures applied in the study were approved by the ethical review committee of Sheba Medical Center, Israel (7645-10-SMC). Subject participation was approved after an informed consent form was signed.
MRI scans. T1-weighted, 4-mm-thick slices of the shoulder girdle were acquired in the axial, coronal, and sagittal planes by an open MRI scanner (0.5T, Signa SP; GE, Fairfield, CT) in a vertical position, while the subject donned a 90-liter empty backpack to obtain the unloaded shoulder anatomy. To study the effect on soft tissue of a loaded backpack, a second scan was carried out while the subject carried a 25-kg-loaded backpack. In both conditions, the subject's trunk was stabilized and fixed at the angles reported in Table 1 , using body supports that were built for this study.
Pressure mapping. The magnetic field in the MR room did not allow pressure mapping at the strap-shoulder interface simultaneously with the MRI scans; hence, pressures were acquired immediately postscanning for each subject, at the same body posture. A customsized Tactilus pressure mapping mat (Sensor Products, Madison, NJ), which comprises 150 piezoresistive sensors (each sized 1 cm 2 ), yielding an effective sensing area of 6 ϫ 25 cm, was used. To adequately define the placement of the pressure mat with respect to the shoulder, three individual sensors were matched with anatomic landmarks over the trapezius, acromioclavicular joint, and the axilary aspect of the chest. The strap-shoulder pressure distribution (which was nearly stable given the static body posture) was then recorded at a sampling rate of 9 Hz for 1 min, and the readings from each sensor were exported to an Excel worksheet for averaging over time. Masking the pressure distribution into six main anatomic regions, from which three regions (trapezius, clavicle, and axila) were identified as the load-bearing regions ( Fig. 1; Table 2 ), allowed calculations of the average pressures delivered per each such region.
Geometrical model. The MRI data set of one of the subjects (subject A, Table 2 ) was selected for further computational modeling and stress-strain analyses of the shoulder tissues. This particular MRI data set yielded the best image quality and spatial resolution for segmentation and modeling processes. The three-dimensional (3D) anatomy of the undeformed shoulder was obtained from the sagittal MRI set of the unloaded scan (Fig. 2) . These MR data were computationally arranged in parallel planes in the 3D space, and the contours of bones, muscles, joints, fat, and the subclavian artery were manually drawn for each slice. The geometry was then reconstructed in 3D using the loft feature of the SolidWorks (Dassault Systèmes, Waltham, MA) solid modeling software. The relevant undeformed dimensions of the shoulder strap (thickness 1.5 cm, width 5 cm) were recorded, and the strap was added to the geometrical model, as well, and positioned as in the experimental setting of the pressure mapping. The dimensions of the shoulder model were defined so that volumes of interest (VOIs) containing the soft tissues below the shoulder strap, namely, the trapezius, subclavian, and axila VOIs (see Figs. 2 and 3) were sufficiently far from the coronal and sagittal boundary surfaces. This consideration in design of the modeling was taken to minimize potential boundary effects, since such could be expected according to the Saint Venant's principle from the theory of solid mechanics (37) . The brachial plexus anatomy is complex, splitting into five branches from three main cords surrounding the subclavian artery and lying below the subclavian and pectoralis muscles. Thus, to evaluate the stresses and strains that occur in this deep tissue region, the muscle tissue surrounding the subclavian artery in a radius of 20 mm was defined as the brachial plexus VOI (BP VOI). The 3D model of the undeformed shoulder with the strap was then imported to a finite element (FE) solver (Abaqus version 6.9 EF1; Simulia, Providence, RI) for nonlinear, large-deformation stress-strain analyses (Fig. 2) .
Constitutive laws and properties for the model components. Bone and cartilage tissues were assumed to behave as homogeneous isotropic linear-elastic materials, whereas the other soft tissues (artery, muscle, fat, and skin) were considered hyperelastic. The bones (clavicle, acromion) were assigned an elastic modulus of 7 GPa and a Poisson's ratio of 0.3, which effectively describe the weighed stiffness properties of the cortical and cancellous bone components (9) . Cartilage at the acromioclavicular joint was assigned an elastic modulus of 10 MPa and a Poisson's ratio of 0.4 (27) . The subclavian artery, muscle, and fat plus skin (as one effective material) were assumed to behave according to the compressible neo-Hookean strain energy density (SED) function W as follows:
where t are the principal stretch ratios; J ϭ det(F), where F is the deformation gradient tensor; and C1 and D1 are constitutive properties that were adopted from the literature for each tissue type and are specified in Table 3 . The strap of the backpack was considered as a neo-Hookean material and was assigned an experimentally measured C 1 value of 81 kPa, based on a uniaxial compression test in an Instron electromechanical materials testing machine (Instron 5544; High Wycombe, UK), which was conducted at a rate of 1 mm/s up to 95% strain. Compressive mechanical properties of the strap were relevant for the modeling, given their influence on model-predicted skin and subdermal loads.
Boundary and loading conditions. The brachial plexus is enveloped by the pectoralis and subclavian muscles, which are both included in the model. Our consideration in defining the geometry of the model within the upper trunk was therefore to follow the anatomic boundaries of these muscles. Thus the inferior, lateral, medial, and lower posterior faces of the shoulder model were constrained for all translations and rotations (Fig. 2F) . The medial end of the clavicle was constrained, as well, to simulate the physical connection to the sternum (which was not included in the model).
To test the effects of defining our boundary conditions as such, we ran additional simulations with different boundary conditions than fixed external lateral, medial and inferior boundary surfaces, as follows: 1) free lateral and medial boundary surfaces but a fixed inferior surface and 2) fixed lateral and medial boundary surfaces but a free inferior surface. Note these two latter boundary configurations are not anatomical, since there is loss of structural continuity. We also appreciate that defining boundary conditions at the two lateral and one inferior model surfaces as either fully fixed (zero displacements) or free (zero forces) is a simplification of real-world conditions, since in vivo, tissues are displaced and forces are transferred concurrently All subjects were 28-yr-old physically active males.
through these planes, particularly with movements of the trunk and arms, contractions of the shoulder musculature, and chest breathing motions. Nevertheless, for the purpose of analysis of the influences of selection of boundary conditions, defining fully fixed or fully free surfaces imposes two extreme boundary effects, which is useful for evaluating the sensitivity of the model outcome measures to boundary condition assumptions. Thus we tested the above additional boundary configurations to characterize the numerical sensitivity of the model to the boundary assumptions. Under such nonanatomic boundary conditions, we found that for configuration 1, tensile strains in the brachial plexus region increased from 9% to 12% and compressive strains increased from 10% to 11% with respect to the "reference" boundary condition configuration, where the lateral, medial, and inferior surfaces were fully fixed. For configuration 2, tensile as well as compressive strains were negligibly affected. Loads were applied at the strap-shoulder contact surfaces of the model so that model-predicted deformations of the soft tissues would fit to the ones observed in the MRI studies. For this purpose, the strap-shoulder interface in the model was gradually pressed inwards, by applying displacements on the relevant nodes, until the deformed shape of the model, in terms of average compression strains in soft tissues under the strap, provided the best agreement with the loaded MRI. To ensure a physiological solution, we verified that at that stage, model-predicted contact pressures at the strap-skin interface did not exceed the experimental pressure data. In addition, sensitivity analyses were performed to quantify potential changes in 
Values are means Ϯ SD. To calculate the effective subdermal tissue deformations from the MRI data, muscle, fat, and skin tissues were considered together as one effective material per each anatomic region. Distances were all measured digitally by means of the MRI viewing software (Diganet, CDP, Petah Tikva, Israel). †This area was partially out of the sensing range of the pressure mat, resulting in low mean pressures. strain/stress data at the BP VOI (where the brachial plexus nerve is anatomically located) in response to biological variability-related changes of Ϯ20% in muscle and fat tissue stiffnesses in terms of the C 1 property in the neo-Hookean material model (Eq. 1).
Meshing. The acromion, acromiclavicular joint, clavicle, and the subclavian artery were meshed using 2,650, 504, 8,697, and 2,153 linear tetrahedral elements, respectively (element code in Abaqus: C3D4). Skin and subdermal fat together comprised 62,852 elements and muscle tissue contained 184,337 elements, all of the same aforementioned type. The strap of the backpack contained 7,757 quadratic tetrahedral elements (element code: C3D10M). Within the VOIs, a maximal edge length of 3.4 mm was allowed. Mesh densities were chosen following preliminary analyses where it was shown that condensing the meshes further had a negligible effect, of Ͻ5%, on the stress/strain distributions.
Outcome measures of the shoulder model. The model was analyzed for internal stresses and strains in the muscle, fat, and artery tissue components in the context of soft tissue overuse injuries associated with load carriage. Specific outcome measures were effective stress (von Mises), SED (strain energy density), principal compressive strain (the compression of 1 of the principal axes of strain relative to its original length), and principal tensile strain (the elongation of 1 of the principal axes of strain relative to its original length) in muscle, fat, and blood vessel tissues. Each of these outcome measures was averaged across FE nodes along paths below the strap in the trapezius muscle region, subclavian artery region, and axial (chest) region (Fig. 3 ), which were identified by the MR scans and modeling studies as the shoulder regions where soft tissues undergo the highest deformations.
RESULTS

MRI scans.
Comparison of the loaded versus unloaded conditions per each subject revealed considerable deformations of the soft tissues underlying the backpack's shoulder straps (Table 2) . Tissue deformations were particularly substantial at the trapezius, subclavian, and axila regions, where means (SD) across subjects were 8.1 (3.1) 1.6 (3.3), and 12.5 (0.1) mm, respectively. This was also evident from the MRI scans (Fig. 4) where the fascia tissue surrounding the brachial plexus was subjected to compression while the 25-kg-loaded backpack was donned.
Pressure mapping. The mean strap-shoulder static contact pressures over the entire shoulder strap area and across all the subjects was 6.5 (0.6) kPa (Table 2 ). Mean peak pressure was 55 (1.7) kPa. Means of regional pressure values measured across the subjects were 10.1 (2.1), 4.5 (2), and 4.3 (2.3) kPa at the trapezius, subclavian, and axila regions, respectively (Table 2) . Intrasubject pressure distributions were highly nonuniform, with at least one order of magnitude difference across the anatomic regions covered by the shoulder strap (Table 2 and Fig. 1) .
Simulation data. The data presented in Table 4 show that the most intensively loaded region under the straps was the subclavian VOI, where the principal compressive strains occurring in subdermal fat were ϳ0.8. More specifically, within the BP VOI, which served as an indicator for loads in the brachial plexus, it was found that the muscle tissue was being subjected to an average compressive strain of 0.10 (range 0.06 -0.14) and to an average tensile strain of 0.09 (range 0.05-0.13 ) ( Table  4) . Subsequent sensitivity analyses indicated that these strain values changed on average by Ϯ11% when the muscle and fat tissue stiffnesses were changed by Ϯ20%.
Model fitting to the MRI data. The deformed shape of the soft tissues under the strap in the model was visually and quantitatively similar to the deformed shape of the tissues seen in the loaded MRI scan of the corresponding subject. Specifically, the average principal compressive strain (effective compression strain in all the soft tissues under the strap, taken together) calculated at an axial plane and at the height of the axila in the chest was 0.5 for the MRI and 0.4 for the simulation. The average principal compressive strain measured at a coronal plane and at the trapezius region was 0.4 for the MRI and 0.3 for the simulation (Fig. 5) . Table 4 ).
DISCUSSION
This is the first study to quantify internal soft tissue deformations in the shoulder during load carriage by means of open MRI. In addition, the use of realistic shoulder anatomy in a FE model, which included the major internal structures and tissue components, allowed quantifying strains and stresses around the brachial plexus, as related to the external loading. Finally, tissue deformations under the strap could be fitted to measurements obtained from the MRI. As demonstrated in this report, substantial deformations occur under the straps of the backpack, peaking at the trapezius, pectoralis, and subclavian muscle regions. The brachial plexus, which is in proximity to the aforementioned muscle tissues, is very likely affected by these large deformations, as well. The significance of the present study is therefore in the ability to accurately simulate the strains and stresses to which the brachial plexus is being subjected during load carriage.
Previous studies used either human skin pressure measurements, with or without perceptual (cognitive) evaluations (such as questionnaires), or manikins to simulate the biomechanical interactions between a strap and the shoulder (3, 28, 45) . Measuring skin pressures only provides data regarding superficial loading, which misses the critical information with respect to extent of distortion of the deep tissue structures, particularly blood vessels and nerves. Conducting manikin experiments is typically limited, because the complex mechanical behavior of soft tissues and their interactions are very difficult to reproduce, and again, perhaps as a result, muscles, blood vessels, and nerves were never included in those manikin models. Combining load-bearing MRI scans with 3D anatomically accurate FE modeling resolves these drawbacks in full, allowing a first insight into deep tissue loading in the shoulder, both experimentally and computationally.
Overall, the mean pressure under the strap was 6.5 (0.6) kPa, a value that is in line with other studies, in which pressure was recorded while 20-to 25-kg military backpacks were donned (20, 30) . Nevertheless, static pressure mapping at the skin-strap contact indicated that only ϳ50% of the strap surface actually delivers loads, resulting in a highly nonuniform load distribution over relatively small contact areas (the "hotspots" shown in Fig. 1) . Specifically, these hotspots were found to occur at the trapezius, the clavicle, and the chest (axila level) (Fig. 1) . Although the average measured skin pressure values acquired herein are within the range recommended for military backpack loads, being below 20 kPa (45), the mean peak pressure was 55 (1.7) kPa, which is higher than the recommended peak pressure value of 45 kPa (45). It is worth noting, however, that these recommendations were based on subjective data (mea- Values are averages with range in parentheses. Stresses and strains were calculated along a path for each anatomic region (see Fig. 5 ). BP VOI, brachial plexus volume of interest; SED, strain energy density. 
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MODELING SHOULDER DEFORMATIONS DURING LOAD CARRIAGE sured pressure was correlated with perception measures) and on the physiological effects of contact pressures on skin blood flow (18, 39) or based on studies that utilized manikin models that do not take internal shoulder soft tissues such as muscles, vasculature, or nerves into consideration (28, 45) . Given the methodology developed in the present study, there may be room for looking into updating the tolerable skin pressure values, or even defining new tolerance levels, based on internal soft tissue deformations.
The novel 3D model of the shoulder with its complex anatomy that was developed allowed evaluation of inner soft tissue stresses and strains based on nonlinear, large-deformation analyses. Previous studies that modeled the shoulder assumed a rigid organ, surrounded by a skin layer, and did not take into account other (internal) soft tissues (45) . This substantial limitation prevents the assessments of internal soft tissue deformations, failing to explain pain reports and loss of sensorimotor functions. The current simulations revealed that the inner tissues are subjected to excessive compressive and tensional loads, particularly at the trapezius, pectoralis, and subclavian muscles and the enveloping fat regions, which could account for the classic complaints of discomfort and pain in these regions. Moreover, the inner subclavian muscle, which was serving here as an anatomic marker for where the brachial plexus passes, underwent mean and peak compression and tensile strains of 0.09 and 0.13, respectively, which are considered large strains and could be potentially harmful for the underlying nerve tissue. In experimental studies utilizing a rabbit model, Kwan et al. (23) showed that subjecting a tibial nerve, in situ, to a strain of 0.06 for 1 h resulted in 40% reduction in conductivity and that a strain of 0.12 resulted in nearly complete blockage of conduction. Even 1 h after unloading of the nerve, 40% deficit in the conduction remained. In vitro, structural damage to the perineural sheath occurred at a strain of 0.24 (23) . In a later study, Takai et al. (46) stretched brachial plexus of rabbits quasistatically in vivo, to a strain level of 0.08, and showed that this level of strain caused total blockage of nerve conduction. After removal of the strain, full recovery was observed in neural conduction. Subsequent tensile strain studies in situ showed that the strain causing mechanical failure of the nerve was 0.24 (46) . Taken together, these animal experiments show that at around the strain levels calculated by the present modeling, neural conduction disorders could be expected in the loaded shoulders. Hence, the present work points to the mechanism by which the sensorimotor dysfunction and "rucksack palsy" may evolve. Notably, under dynamic loading, the strains in the shoulder soft tissues and in the brachial plexus in particular should be even greater than those observed either in experimental studies such as the Takai et al. study or in the present MRI/modeling, which were carried out under static loading conditions.
The influence of load carriage on physiological strain and its biomechanical aspects were extensively studied, particularly in the context of military medicine (e.g., when carrying backpacks, body armors, and stretchers) (1, 11, 22, 36) , as well as in occupational medicine (e.g., harnesses of firefighters) (4) and effects of children's school bags (32) (33) (34) . Load carriage was reported to increase energy costs dramatically during walking, and for weights of 40 kg it caused constant rise in energy costs until fatigue (11, 36) . Heavy loads were also found to increase the risk for foot blisters, metatarsalgia, stress fractures, knee pain, and low back pain (22) . Despite these reports, loads carried by soldiers, backpackers, and children remain high. A general notion in this respect is that the higher the aerobic fitness or body dimensions are, the more load can be carried. This might be true in the sense of energy expenditure but cannot be directly associated with the risk for a brachial plexus injury (29) . Moreover, clinical data indicate that the brachial plexus syndrome might occur even when mild loads, as low as 10 -15 kg, are carried if the loads have not been optimally fitted on the body (31, 48) . Thus increasing awareness and education for the risk, combined with improving backpack designs, might be beneficial in alleviating sensorimotor function deficits of the upper limbs and reducing the brachial plexus injury rates. Further research needs to be done to reduce mechanical stress concentrations around the brachial plexus and the vasculature of the shoulder.
We used the MRI data to define boundary conditions on the model. Specifically, we applied displacements at the strap-skin contact region until the deformed shape of the model fitted the deformed shoulder shape demonstrated in the MRI. Although we measured strap-skin contact pressures, as well, we deliberately chose the MRI data for defining boundary conditions, because the MRI is more reliable and provides an accurate, absolute measurement of tissue displacements, both on the surface and in subdermal tissue layers. Pressure sensors, contrariwise, suffer limited measurement accuracy in absolute localized pressure values, e.g., sensitivity above a threshold, hysteresis in dynamic loading, and drift in static loading, which altogether induce deviations that could be at around 10% of the actual contact pressures (13) . Nevertheless, when arranged in an array (pressure mat), pressure-sensing systems can provide good-quality mapping to identify hotspots of high pressures, which was valuable here for identifying the major load-bearing regions through which node displacements were eventually delivered. Hence, in this work, we used the strength of each measurement tool, open MRI and pressure sensors, by integrating them both.
Despite our present attempts to make the load carriage simulations realistic in terms of model geometry, tissue mechanical behaviors, and fitting to experimental MRI data, one should appreciate that the modeling still involves strong assumptions, particularly with respect to the selection of the boundaries of the model and their size, shape, and location, as well as mechanical properties and isotropic characteristics assigned to the tissues comprising the shoulder. In the future, it might be possible, with the ongoing increase in computer power, to simulate the entire trunk under load carriage conditions, which would likely provide better accuracy in strain and stress measures. At this stage however, it is safer to interpret the present tissue stress/strain data as engineering approximations.
Importantly, focusing on a static load-bearing posture, the present MRI studies and modeling should be considered as a first step, before dynamic studies can be carried out. Although MRI scans cannot be acquired during walking or marching, other imaging modalities, such as a custom-made ultrasound system, could be useful. Moreover, if weight-bearing MRI systems would allow spatial tagging MRI (10) as a conventional feature, then this would facilitate direct measurements of strain distributions in the deep soft tissues of the shoulders during load carriage and would perhaps make the computational modeling work redundant.
Dynamic loading should induce substantial shear stresses between the straps of the backpack and clothing, which in turn rubs the clothing against the skin and loads the skin in cyclic shear. The dynamic shear waves in the skin add to the external cyclic compression and could potentially exacerbate the mechanical and metabolic states of skin as well as underlying soft tissues. For example, our previous work indicated that when added on top of compression, shear loading of tissues causes additional obstructions or occlusions of small blood vessels and capillaries, which then increases the likelihood of local ischemia to develop (26, 41) . In this regard, it is highly relevant to measure static as well as dynamic friction coefficients between clothing and skin when the clothing is compressed against the skin (which occurs when the straps are stretched) to an extent causing large tissue deformations. Such measurements are needed because friction coefficients depend not only on the microtopographies and stiffnesses of the two contacting surfaces but also on the pressures between the two surfaces, an effect that has been demonstrated to be substantial for biological tissues (40) . In addition, it is important to characterize how such friction coefficients might change when using clothing made of different fabrics and when perspiration is present, given that sweating will be onset due to the physical efforts in carrying the backpack as well as the changes in the microclimate of skin under the straps when these rub against the clothing (15, 42) . Moreover, our modeling could also be used in the future to look at the effects of individual anatomic characteristics, such as the structure of the clavicles, thickness of the muscle layers, or the ratio of the fat/lean tissue mass in the shoulder, on the risk for developing brachial plexus injuries. Our previous experience in studying anatomic risk factors for chronic injuries using computational modeling has already indicated that this is a promising direction to take (43, 44) .
In conclusion, a novel 3D FE model of the shoulder during load carriage was developed and fitted to load-bearing MRI at an upright posture. The computational model, in conjunction with the MRI and pressure mapping, provide some important insights regarding potential mechanisms underlying the neural dysfunction that occur during load carriage. The model clearly shows that a load of 25 kg, under static conditions, may result in compression and tensile strains that are potentially injurious to the brachial plexus. The current method could be used in further research to optimize tissue strains and stresses on and within the load-bearing shoulder.
